Background. Simple heart rate adjustment of ST segment depression during exercise (AST/HR index) and the pattern of ST depression as a function of heart rate during exercise and recovery (the rate-recovery loop) have been shown to improve the ability of the exercise
AST/HR index (.1.6 ,V/beat/min) and a positive (counterclockwise) rate-recovery loop was associated with CHD event risk (x2=9.45, p< 0.1) and separated subjects into three groups with varying risks of coronary events: high risk, when both tests were positive (relative risk 3.6; 95% confidence interval, 2.4-5.4); intermediate risk, when either the AST/HR index or the rate-recovery loop was positive (relative risk, 1.9; 95% confidence interval, 1.3-2.8); and low risk, when both tests were negative. After multivariate adjustment for age, sex, smoking, total cholesterol level, fasting glucose level, diastolic blood pressure, and electrocardiographic evidence of left ventricular hypertrophy, the combined AST/HR index and rate-recovery loop criteria remained predictive of coronary events (X2=5.45, p =0.02).
Conclusions. Heart rate adjustment of ST segment depression by the AST/HR index and the rate-recovery loop during exercise electrocardiography can improve prediction of future coronary events in asymptomatic men and women. (Circulation 1991; 83:866-874) H eeart rate-adjusted indexes of ST segment depression during exercise and recovery that have high specificity in clinically normal subjects have improved the ability of the electrocardiographic exercise test to detect and assess the severity of coronary heart disease (CHD) in populations undergoing angiography.1-14 However, test performance is highly dependent on population prevalence and severity of CHD15-18 and on multiple performance of the AST segment/heart rate (ST/HR) index3"12'13'25 and the rate-recovery loop14 with standard electrocardiographic exercise test criteria for predicting future CHD events in relatively unselected, asymptomatic men and women without clinically evident CHD.
Methods

Study Population
Between 1971 and 1975, offspring of the original Framingham Heart Study cohort and spouses of the offspring were enrolled in a prospective study of cardiovascular diseases.26 All subjects underwent a complete history and physical examination, resting electrocardiography, and determination of serum cholesterol and blood glucose levels. From 1979 to 1982, members of the cohort returned for a second examination and a treadmill exercise test. Of the 3,865 subjects who returned for a second examination, 347 subjects (9%) did not perform exercise and were not included in this analysis: 168 subjects had medical contraindications to exercise; 70 subjects were unable to walk on the treadmill; 37 subjects had a new diagnosis of myocardial infarction, angina, congestive heart failure, valvular heart disease, or syncope since the first examination; 15 subjects refused to participate; seven subjects were older than 70 years; and 50 subjects were rescheduled to a later date and never returned. Thus, the present study population was drawn from the 3,518 subjects who underwent exercise testing at the time of the second examination.
Of the 3,518 subjects who underwent exercise testing, 350 (10%) were excluded from further analysis: 67 subjects because of known or suspected CHD (Q wave myocardial infarction on the resting electrocardiogram); 41 subjects with a conduction abnormality on their resting electrocardiogram and 22 subjects taking digoxin because of possible interference with interpretation of the ST segment response to exercise; five subjects in atrial fibrillation; and 215 subjects in whom inadequate data were available to allow for either standard or heart rate-adjusted criteria of ST segment depression to be calculated. Thus, included in the present study were The recovery phase pattern of ST segment depression with reference to changing heart rate (the rate-recovery loop) was examined by constructing continuous plots of absolute ST segment deviation and heart rate throughout treadmill exercise and recovery.14 For each subject, ST segment depression was plotted in the upward direction on the vertical axis, as a function of heart rate during exercise and recovery on the horizontal axis; the resulting loop pattern was determined by the relation of early recovery phase ST depression to end-exercise ST depression at corresponding heart rates.
In clinically normal subjects, because less ST segment depression is present at early recovery phase heart rates than at corresponding exercise heart rates, there is a clockwise loop of ST segment depression as a function of heart rate during exercise and recovery. This pattern was defined as a normal rate recovery loop. ' (n-277) Because the prognostic power of a method is highly dependent on the time to event, risk stratification according to these methods was further examined with Kaplan-Meier survival curves (Figure 2 ). When adjusted for time to occurrence of CHD events, both the AST/HR index and rate-recovery loop remained highly predictive of outcome, with significantly lower event-free survival rates among subjects with positive than those with negative test outcomes. In contrast, there was no significant difference in the event-free survival time between subjects with positive and those with negative standard exercise tests defined according to traditional electrocardiographic criteria.
When baseline risk was further adjusted for age and sex ( Table 3 . When both tests were positive, a small subset of subjects was identified who had a markedly increased risk of a CHD event during 4 years (9.8%, five of 51). In contrast, both tests were negative in a large subgroup with a significantly lower risk of developing CHD events (1.6%, 45 of 2,752). In the presence of a positive AST/HR index and normal rate-recovery loop, the risk of having a CHD event was intermediate (4.4%, 10 of 226) and was similar to the risk when the rate-recovery loop was abnormal and the AST/HR index was negative (3.6%, five of 139). When the results for these two "intermediate risk" groups were combined, the risk of having a CHD event was 4.1% (15 of 365) when either the AST/HR index or the rate-recovery loop was positive, with an RR of 2.5 as compared with when both tests were negative. The resulting three-tiered criteria based on the two heart rate-adjusted methods were then further examined in the context of their independence from other CHD risk factors.
When adjusted for time to coronary event, the combined criteria separated subjects into three groups with a high, intermediate, or low event-free survival for the 4-year period of follow-up (Figure 3 ). When baseline risk was further adjusted for age and sex (Table 4) , the combined criteria remained highly predictive of CHD events, with an RR of 3.6 when both tests were positive and an RR of 1.9 when either the AST/HR index or the rate-recovery loop was positive. When baseline risk was further adjusted to account for diastolic blood pressure, cigarette smoking, total cholesterol level, fasting glucose level, and the presence of left ventricular hypertrophy on the resting electrocardiogram, the combined criteria remained an independent predictor of CHD events (Table 4 YEARS OF FOLLOW-UP FIGURE 3. Kaplan-Meierplots of event-free survival according to combined AST segment/heart rate index and raterecovery loop criteria. Delta, AST segment/heart rate index; Loop, rate-recovery loop. The predictive values of the combined AST/HR index and rate-recovery loop criteria among subjects with negative and positive standard electrocardiographic exercise test responses are examined in Table  5 . Among the large subset of subjects with negative standard electrocardiographic exercise tests, cumulative risk of CHD events remained higher when either the AST/HR index or rate-recovery loop was positive (RR, 1.9; 95% CI, 0.9-4.1) and when both tests were positive (RR, 7.1; 95% CI, 2.1-24.5) than when both tests were negative. Cumulative risk of CHD events was also significantly higher in subjects with positive standard electrocardiographic test responses when either the AST/HR index or rate-recovery loop was positive (RR, 4.9; 95% CI, 1.4-17.1) and when both tests were positive (RR, 6.2; 95% CI, 1.1-35.4) than when both tests were negative. Of note, when both the AST/HR index and rate-recovery loop were negative, risk of CHD events was no different in subjects with positive than in those with negative standard electrocardiographic test responses (1.2%, four of 322 versus 1.7%, 41 of 2,430, p=NS).
The predictive values of the combined AST/HR index and rate-recovery loop criteria in men and women separately are examined in Table 6 . Although the cumulative CHD event rate was significantly higher in men than in women ( Although these heart rate-adjusted methods can identify a small group of asymptomatic subjects at increased risk of CHD events with relatively high predictive value, the low overall sensitivity for future events argues against their routine use as a reliable, cost-effective screening method in such low-risk populations. These findings should be extrapolated with caution to other populations, but the improved accuracy of heart rate-adjusted methods for the presence and severity of coronary obstruction in patients with angina'-14,25 and the improved accuracy of other methods that normalize ST depression for myocardial work load22 suggest that heart rate-adjusted methods may also improve the electrocardiographic exercise test identification of future risk in more highly selected and symptomatic patients. Further study is necessary to evaluate the prognostic value of these methods in such higher risk populations.
In contrast to several previous studies,39-4,4445 standard electrocardiographic exercise test criteria did not significantly stratify risk in the present study. Differences in population selection, symptom status, and subject classification may explain these differences. An ischemic ST segment response to exercise was a significant predictor of morbidity and mortality due to cardiac causes in the overall population of the Seattle The AST/HR index and the rate-recovery loop represent a more physiological approach to the interpretation of the ST segment response during exercise and recoveryl-14,25,29 and provide independent and complementary information regarding the presence and potential severity of underlying coronary obstruction.14 The magnitude of ST segment depression during exercise can be directly related to the level of myocardial work load, as reflected by heart rate, in patients with myocardial ischemia. Because both the AST/HR index and ST/HR slope are continuous variables that reflect this relation in a quantitative fashion, their values can be accurately related to both the presence and severity of CHD. 3, 12, 13, 25, 29 In contrast, during early recovery, the magnitude of ST segment depression in patients with CHD generally remains greater than expected for the rapidly decreasing myocardial oxygen demand that results from an abrupt lowering of exercise load, producing a counterclockwise rate-recovery loop pattern.14 Because direction of the rate-recovery loop is not dependent on a particular threshold magnitude of ST segment depression at peak exercise, sensitivity of this method for identifying CHD may be less affected by the anatomic and functional severity of underlying coronary obstruction than are standard and heart rate-adjusted criteria that are derived from exercise-phase data alone.14 Although the AST/HR index significantly concentrates risk in the present study, the more complex ST/HR slope method might have performed with greater accuracy. Although the ST/HR slope relates changing ST depression to heart rate changes occurring during maximum ischemia, the AST/HR index relates overall ST depression to the total heart rate change during exercise.12,'325,29 Because this total change in heart rate may include a variable period of effort during which ischemia is absent, the AST/HR index should not as effectively normalize ST depression for oxygen demand during ischemia as does the maximal ST/HR slope and, therefore, may not as accurately reflect the presence and severity of coronary obstruction.29 Further study is necessary to evaluate the potential of this method to stratify risk of coronary events; this may be facilitated by the recent implementation of accurate, on-line computerized calculation of the ST/HR slope.50
